Discussions of actin cell biology generally focus on the cortex, a thin, actin-rich layer of cytoplasm under the plasma membrane. Here we review the much less studied biology of actin filaments deeper in the cytoplasm and their recently revealed functions in mitosis and meiosis that are most prominent in large oocyte, egg and early embryo cells. The cellular functions of cytoplasmic actin range from the assembly and positioning of meiotic spindles to the prevention of cytoplasmic streaming. We discuss the possible use of evolutionarily conserved mechanisms to nucleate and organize actin filaments to achieve these diverse cellular functions, the cell-cycle regulation of these functions, and the many unanswered questions about this largely unexplored mechanism of cytoplasmic organization.
Introduction
Early research on the actin cytoskeleton made little distinction between the cortex and bulk cytoplasm. Actin and myosin were discovered in muscle cells, where they are present throughout the cytoplasm (see [1] for a review). Non-muscle actin and myosin were first studied biochemically in cell extracts lacking plasma membranes. Gelation and contraction of actomyosin in these extracts caused large changes in the mechanical properties of the whole solution, not just a cortical layer [2] [3] [4] .
The current focus of the actin field on the cortex seems to have several roots. Early microscopists divided the cytoplasm into a clear ectoplasm near the plasma membrane, which we would now call the cortex, and a more internal, granular endoplasm. Live-cell microscopy of large, motile amoebae showed that the ectoplasm was more gelled, and the endoplasm more fluid, and contraction of the ectoplasm was seen to play a role in motility [5] . Studies of marine egg cells were also influential: the biophysics of these almost perfectly spherical cells was interpreted in terms of a liquid droplet model, where the cell is shaped by a surface layer under tension [6] . This mechanical view based on surface tension was expanded in a famous review by Bray and White [7] , where they summarized decades of work on non-muscle motility in a model whereby cortical tension generated by actomyosin contraction drives cortical flow, which in turn drives many aspects of cell motility. Even after methods were developed to image filamentous actin (F-actin) in cells by fluorescence microscopy, the cortex remained the focus of interest because it labeled much more brightly than the interior. This difference in brightness was so large that, with the limited dynamic range of film and early digital detectors, the interior appeared devoid of F-actin in phalloidin-stained cells. Given this history, it is not surprising that most discussions of cytomechanics view the actin cytoskeleton as primarily comprising a cortical shell in most cell types (see [8] for a recent example).
The purpose of this review is to point out that F-actin exists in the cytoplasm far from the cortex and to discuss the biological functions of this cytoplasmic actin. We do not dispute the importance of cortical actin and myosin II, which may indeed dominate the mechanics of many animal cells. However, cytoplasmic actin is also important in specific processes and may have more general roles. We will mainly focus on meiosis of oocytes and mitosis of early embryos because a number of recent papers have revealed diverse, essential functions of F-actin deep in the cytoplasm in these cells. We will start with a brief discussion of imaging issues and move to specific biological examples where the function of cytoplasmic F-actin is beginning to be understood. We will then discuss in more general terms why cytoplasmic F-actin may be especially prominent in large cells, how it is subject to cell-cycle regulation, and point to the conserved role of specific actin nucleators.
Imaging F-Actin Deep in the Cytoplasm
Why did F-actin in the cytoplasm escape detection for so long? As mentioned above, filaments in the bulk cytoplasm are often much less dense than those in the cortex. Thus, visualizing them in the same field as the cortex requires confocal imaging and detectors with a large dynamic range. In addition, preserving actin filaments deep in the cytoplasm during fixation requires specific protocols [9, 10] , which leads to the question of whether they are real or a fixation artifact. This question is best resolved by confirming the observed structures by live fluorescence imaging, but the right probes are required. Actin was first observed live using fluorescently labeled actin monomer, which provides adequate contrast in thin cell protrusions (see [11] for a recent example). However, this probe provides poor contrast deep in the cytoplasm of thick cells because the large pool of soluble monomer tends to overwhelm the signal from thin filaments. Visualization of these thin cytoplasmic filaments was greatly improved by the development of probes that bind selectively to F-actin, thereby increasing the contrast. Table 1 provides an overview of current probes that have clearly been essential in revealing the functions of bulk cytoplasmic actin discussed below. Nevertheless, caution and careful controls are still required, since some of these probes can enhance polymerization and bundling, and different filament populations may selectively recruit or reject them (for example, see [12] ).
Specific Cellular Functions of Bulk Cytoplasmic Actin
Chromosome Congression in Starfish Oocytes: Transport by a Contractile F-Actin Mesh In starfish oocytes, M-phase microtubules have the same length as in somatic cells and thus are short relative to the 180 mm diameter oocyte. These M-phase microtubules can capture chromosomes within w30 mm of centrosomes, but in the large oocyte individual chromosomes can be located as far as 80 mm away, clearly out of the microtubules' reach [13, 14] . Imaging of live starfish oocytes expressing GFPUtrCH (Table 1) revealed an extensive meshwork of F-actin in the nuclear region that functions to transport chromosomes to within the 30 mm capture range of microtubules [14, 15] (Figure 1A ). This meshwork polymerizes shortly after the breakdown of the nuclear envelope, i.e. at entry to M phase, and once formed, it begins to contract. As shown by Mori et al. [15] , the meshwork contraction itself is isotropic, but its connections to the cell cortex serve as localized anchors, which provide directionality to the contraction, moving the meshwork towards the cell cortex. This contraction towards the cortex transports chromosomes at least in part by passive sieving: chromosomes are larger than the mesh size and therefore are captured by the contractile F-actin mesh. Consistently, inert beads of comparable dimensions to chromosomes are gathered in with a similar efficiency [15] . Thus, this mechanism provides an example of how a contractile meshwork of cytoplasmic F-actin can mediate long-range, directed transport of chromosomes and potentially of any large cellular component.
Meiotic Spindle Positioning in Mouse Oocytes: F-Actin Mesh as a Substrate for Transport
Mouse oocytes are smaller than starfish oocytes and have a smaller nucleus and a different organizational mechanism for the meiotic spindle; microtubule-based mechanisms are therefore sufficient to capture chromosomes and align them on the meiotic spindle [16] . However, the spindle typically assembles near the center of the oocyte, and thus must be transported to the cell cortex to promote the highly asymmetric divisions and the extrusion of polar bodies. In somatic cells and Caenorhabditis elegans embryos the spindle is positioned by interaction of astral microtubules with the actin cortex [17, 18] and organelles [19] . In contrast, acentrosomal meiotic spindles in mouse oocytes lack long astral microtubules and thus are unable to form such connections [16] . Instead, transport of the spindle in mouse oocytes requires actin, and this requirement appears to be conserved in other mammals ( [20] [21] [22] and references therein; Figure 1B ). Imaging with GFP-UtrCH (Table 1) revealed a dynamic, continuously reorganizing meshwork of F-actin in the cytoplasm of meiotic oocytes that is needed for spindle transport [22, 23] (Figure 1B ). Polymerization of this meshwork requires the actin nucleation factors Formin-2 (Fmn2) and Spire (Spir-1 and Spir-2 appear to have redundant functions) [24, 25] . The network is absent if these nucleators are removed or inhibited, while overexpression of these factors renders the network denser and more stable [25, 26] . Interestingly, both upregulation and downregulation of these nucleators prevents spindle transport, indicating that filament dynamics is an important factor [25, 26] . Myosin II inhibition also prevents dynamic network reorganization and thus is required for spindle transport [22] . How these factors act together mechanistically to break the symmetrical cytoskeletal organization of oocytes and mediate directed spindle transport is currently being actively investigated. Symmetry breaking has been proposed to require a specific destabilization of the network [26] ; the slightly off-center nucleus is then transported to the nearest cortex [22] . Transport has been proposed to be driven by pulling forces generated by localized contractions that are mediated by activated myosin-II enriched at spindle poles [22] , or by DNA-induced actin polymerization akin to the Listeria actin comet tails that generate pushing forces [27] . Table 1 . Fluorescent F-actin-specific live-cell probes.
Probe
Description Reference
G-actin, GFP-tagged or fluorescently labeled
Source: Non-muscle b-actin is commonly used for GFP tagging; for labeling of actin with fluorophores the protein is usually purified from rabbit skeletal muscle or human platelets. Pros: Directly labels the polymer and can therefore be used in photobleaching, activation or speckle-label experiments to assay filament dynamics.
Cons: There is a large soluble G-actin pool resulting in a high background. Incorporation of too many labeled monomers alters filament dynamics [42] and some nucleation factors (e.g. formins) may not be able to use labeled monomers at all [43] . Different actin isoforms (e.g. b-and g-actin) have different cellular distributions.
e.g. [44] Phalloidin, fluorescently labeled
Source: Toxin purified from the mushroom Amanita phalloides. Pros: Binds with high affinity to actin filaments and thus background is very low. Cons: Strongly stabilizes and bundles filaments, poorly labels dynamic filaments.
Has to be microinjected.
[45]
C-moesin,
GFP-tagged
Source: Carboxy-terminal, F-actin-binding portion of moesin (from diverse species). Features: One of the earlier probes that work well but the binding affinity is relatively low, resulting in a significant soluble background. We recommend using one of the more recent probes as an alternative.
[46]
ABD,
Source: A conserved actin-binding domain from Dictyostelium ABP-120.
Features: This is one of the earlier probes that have mainly been used in Dictyostelium.
It works well in various organisms, and the results are in our opinion comparable to Lifeact.
[47]
Lifeact,
GFP-tagged or fluorescently labeled
Source: A 17 amino acid actin-binding peptide from budding yeast Abp140. Pros: Labels F-actin well and does not seem to affect filament dynamics even at high expression levels and is well tolerated in transgenic animals. Reported to work well in many organisms. Can be produced as a synthetic peptide.
Cons:
The binding affinity is relatively low, resulting in some soluble background that is a disadvantage in thick cells. Reported not to label certain filament sub-populations [12] . [48, 49] UtrCH,
GFP-tagged
Source: Calponin homology (CH) domain of human utrophin. Pros: In our experience UtrCH binds with the highest affinity and thus the soluble background is the lowest of all probes. This is a specific advantage in thick cells. It has been successfully used in many organisms. The slow off-rate may allow UtrCH to be used to image actin dynamics. Cons: UtrCH binds tightly because it contains two actin-binding domains, and this does affect filament dynamics. At high concentrations UtrCH stabilizes filaments, which may explain the difficulty to obtain transgenics. UtrCH is also thought to bind with slightly higher affinity to stable populations of filaments.
[ 50] Pushing forces may involve the Arp2/3 nucleation complex [28] . While important mechanistic details are unresolved, this system provides another example of a role for cytoplasmic F-actin in the organization of a long-range, directed transport mechanism essential for the division of the large oocyte.
Oogenesis and Early Embryonic Development in Drosophila: F-Actin as a Stabilizer of Cytoplasm
Some of the earliest observations of F-actin deep in embryo cytoplasm were made in Drosophila, where syncytial embryos contain an extensive cytoplasmic mesh of actin filaments [29] . During early embryonic development, nuclei move within the long axis of the embryo so that they space out evenly in the large, ellipsoid cell in a process called axial expansion. These axial expansion movements depend on the F-actin network that extends throughout the syncytial cytoplasm [29] . von Dassow and Schubiger [29] observed that nuclear movements coincided with cell-cycle changes in the F-actin network. Their data indicated that the F-actin network 'melted' around nuclei in interphase, which allowed for nuclear movement. The F-actin network was re-established during mitosis and the movement stopped. Authors argued that this was a gel-to-sol transition, akin to those described during pseudopod extension in large amoebae [5, 29] . It had also long been known that actin had a role in preventing premature microtubule-dependent cytoplasmic streaming in Drosophila oocytes [30] . Recently, Dahlgaard et al. [10] used a rapid fixation procedure and phalloidin staining and observed for the first time that an F-actin mesh extends throughout the oocyte ( Figure 1C) . Removal of this meshwork results in premature onset of microtubule-driven cytoplasmic streaming, which causes dramatic mixing. Premature mixing precludes proper localization of specific regulatory RNAs, which explains the observed embryonic patterning defects. Interestingly, the F-actin network in Drosophila oocytes that provides a brake to streaming is nucleated by the formin Cappuccino and by Spire [10] , homologues of nucleation factors required for meshwork nucleation in mouse oocytes (see above).
Taken together, in Drosophila oocytes and syncytial embryos bulk cytoplasmic actin may act as a mechanical stabilizer that provides structure and prevents large-scale motion generated by other cytoskeletal components. Whether the F-actin network simply acts passively as a sieve, or whether it functions more actively using motors or crosslinks to microtubules [10, 31] , is unclear. Given their excellent genetics and imaging capabilities, Drosophila embryos may be a good model system to answer these and related questions.
Emerging Principles: Bulk Cytoplasmic Actin as an Organizer in Large Dividing Cells Short M-Phase Microtubules Need Help in Large Cells
Oocytes and eggs are exceptionally large cells. Their interphase microtubule arrays span the whole cytoplasm from centrosomes to the cortex, but their M-phase microtubules are much shorter, and are typically unable to reach the cortex [32] (Figure 2 ). These M-phase microtubules are still long enough to span a normal-sized somatic cell and capture and align chromosomes or orient the mitotic spindle [13] . However, in large oocytes and eggs these microtubulebased mechanisms that are used by somatic cells are insufficient. In animal oocytes, bulk cytoplasmic actin may be a key factor to organize the exceptionally large cytoplasm and thereby serve to capture chromosomes and position spindles, as exemplified by the prophase chromosome transport in starfish oocytes and the spindle positioning in mouse oocytes discussed above. Note that we do not want to imply that cytoplasmic actin is the only solution to positioning small spindles in large cells. For example, centrosomes and nuclei in early Xenopus and zebrafish embryos are correctly positioned for spindle assembly before the onset of mitosis using a mechanism that depends on microtubules, but probably not on actin [33] .
Whether cytoplasmic actin has similar, but perhaps less prominent, roles in somatic cells is interesting to consider. Separation of a cytoplasmic role for F-actin from the more dominant cortex is technically difficult. However, a recent study suggests that cytoplasmic actin may indeed contribute to some aspects of spindle positioning in somatic cells [34] .
Cytoplasmic Actin Nucleation Is Upregulated in M Phase
Consistent with the idea of an M-phase specific requirement, and common to the biological examples discussed above, F-actin assembles preferentially in M phase, when Cdk1 kinase activity is high. It is widely accepted that microtubule dynamics are regulated by Cdk1 [35] , but curiously, this issue has been less studied for actin. Recently, Field et al.
[36] investigated cell-cycle regulation of bulk actomyosin in Xenopus egg extracts using UtrCH as well as Lifeact as (A) In meiotic starfish oocytes, chromosomes (red dots) scattered in the large nuclear volume are transported to the cell cortex by a contractile F-actin mesh (green). The F-actin meshwork contracts homogeneously; directionality is provided by anchoring to the cell cortex. Chromosomes are larger than the mesh size of the network and thus captured and transported by the network by passive sieving. (B) In the meiotic mouse oocyte, the spindle with chromosomes (red) needs to be transported to the cell cortex to ensure the asymmetry of division. Here, the F-actin mesh (green) serves as a substrate that provides tracks for transport driven by myosin motors or actin polymerization. (C) Microtubule-driven cytoplasmic streaming is prevented by an F-actin mesh (green) during oogenesis in Drosophila. A simple explanation could be that the F-actin mesh acts passively as a sieve to prevent the motion of cellular components (e.g. vesicles).
markers (Table 1 ). In interphase, actin assembled into sparse, non-contractile meshworks, whereas in M phase, dense meshworks formed that recruited myosin and contracted, often undergoing many periodic waves of gelation-contraction ( Figure 3A ). M-phase-specific formation of bulk cytoplasmic F-actin is also visible in sand dollar embryos: actin polymer increases near the cortex during metaphase in this system, continues to accumulate in the cytoplasm through anaphase, and then decreases during cytokinesis ( Figure 3B ). Furthermore, an M-phase-specific increase in cytoplasmic F-actin was also observed by live imaging in C. elegans embryos [37] and in zebrafish blastomeres [36] , and in both cases it often took the form of F-actin comet tails apparently emanating from vesicles. Even in cultured human cells, cytoplasmic F-actin assembly was observed to be enhanced during mitosis, forming large tumbleweed-like assemblies that move within the cytoplasm [38] . For C. elegans [37] , HeLa [38] and possibly Xenopus [36] systems, Arp2/3 appears to mediate this type of bulk F-actin nucleation. Thus, it appears that F-actin assembly in the cytoplasm may generally be subject to cell-cycle regulation, presumably by Cdk1 or one of the other M-phase kinases. The molecular pathway from the kinase to actin polymerization is not known in any of these systems.
Nucleation Mechanisms for Bulk Cytoplasmic Actin
Nucleation is a critical step in actin dynamics that typically determines where and when F-actin polymerizes. The nucleation mechanism also has a strong influence on the structure of the filament array. For example, Arp2/3 complex tends to nucleate branching networks of short filaments, while formins typically nucleate long, bundled cables [39] . Nucleation of bulk cytoplasmic actin likely involves multiple nucleation factors. Arp2/3 seems to be involved in nucleating M-phase-specific bulk polymer (see above). Long filament bundles that form the meshworks in the cytoplasm of oocytes seem to use a different mechanism. Formin-2 (whose Drosophila homologue is Cappuccino) appears to act together with another, recently identified nucleation factor Spire [40] to nucleate cytoplasmic F-actin networks in Drosophila and mouse oocytes. Formin-2 and Spire also interact biochemically via conserved domains and appear to function as a single nucleating unit that catalyzes the assembly of long filaments [41] . The exact mechanism of nucleation by Formin-2-Spire complexes, whether these nucleation complexes are active at the cortex or throughout the cytoplasm, and why two proteins that both have nucleation activity are required in the same complex remain unclear. 
Xenopus

Perspectives
The recent studies discussed above demonstrate that bulk cytoplasmic actin has essential roles that are distinct in function and mechanism from contractile actomyosin at the cell cortex. The data so far indicate that bulk cytoplasmic actin may have specific and conserved functions in meiosis of oocytes, and possibly also mitosis of early embryos, that are necessitated by the exceptionally large size of these cells and the absence of cell-spanning microtubule arrays in M phase. It will be exciting to work out the details, to identify the molecular components and their regulation, and to understand how the coordinated action of these molecular components can generate directional force for diverse cellular functions. Equally exciting will be to test whether similar mechanisms in fact apply in smaller cells, but have so far escaped detection beside the bright cortex. The recently developed F-actin-selective probes (Table 1) should allow visualization of cytoplasmic F-actin even in small cells and may reveal more general mechanisms.
